Abstract-Ageing assessment of cellulose insulation in a transformer is normally conducted through indirect measurements of chemical markers in oil. In addition to the conventional paper ageing indicator 2-FAL, methanol in oil was proposed as an additional indicator to provide early ageing information. Relationships between the paper ageing and the concentration of the indicators in oil could be affected by the type of oil due to stability and partitioning issues. Therefore it is important to investigate the suitability of the paper ageing indicators for alternative insulating oils. This paper shows the results of a laboratory ageing experiment conducted to investigate the relationships between the paper ageing and the ageing indicators of 2-FAL and methanol in a Gas to Liquid (GTL) hydrocarbon oil. The ageing experiment was conducted at 100 °C for up to 126 days. A conventional mineral oil was also tested as benchmark. Variations of both methanol and 2-FAL against DP of paper aged in the GTL oil were found to be similar to those in the mineral oil.
INTRODUCTION
In addition to the roles of being an insulation and a heat transfer medium, a transformer oil also acts as an information carrier. The information could include the conditions of oil, paper and other components in the transformer. This information is obtained by conducting different measurements in oil such as acidity, moisture, dissolved gases, furanic compounds, alcohols, etc [1] [2] [3] . Out of these chemicals, furanic compounds, dissolved carbon oxide gases and alcohols such as methanol and ethanol are used to indicate the ageing state of cellulose paper insulation.
Furanic compounds were first identified as paper ageing indicators during early 1980s [2] . Several furanic compounds including 2-furfuraldehyde (2-FAL), 5-hydroxymethyl-2-furfuraldehyde, 2-furoic acid, furfuryl alcohol, 5-methyl 2-furfuraldehyde and 2-acetyl furan were suggested to be related with paper ageing [2] . However, 2-FAL is commonly used due to its higher concentration in oil and better stability than the others. Experiments have shown that components in paper including cellulose, hemi cellulose and the ageing by-products of cellulose such as levoglucosan can promote generation of 2-FAL from paper [4] . Furthermore, laboratory experiments have shown that 2-FAL would increase exponentially with paper ageing [3] .
Compared to furanic compounds, methanol has a short history as a paper ageing indicator. Methanol was first confirmed as a paper ageing indicator in around 2007 [3] . Ageing experiments have shown that methanol could mainly be generated from cellulose rather than from the ageing by-products of cellulose such as levoglucosan or glucose [3] . Therefore, researchers have suggested that methanol could be generated during the scissioning of glycosidic bonds in cellulose polymer. However, the mechanisms involved with the production of methanol from paper have not been fully understood yet. In addition, methanol has shown higher yield than 2-FAL during the early ageing period and hence it has been suggested to use methanol to indicate early stage of paper ageing [3] .
Even though both methanol and 2-FAL are mainly generated from paper, their concentrations have to be measured in oil. However, the concentration of the indicators in oil can be affected by the type of oil due to the stability and partitioning effects. Ageing indicators could react with components of the oil or the ageing by-products in the oil, which could result in misleading information of the ageing state of paper. Furthermore, the partitioning of the chemical indicators between oil and paper depends on the factors such as temperature, polarity of the oil, etc. Therefore it is important to investigate the suitability of the ageing indicators for new alternative insulating oils. This paper investigates the relationships between the paper ageing and the ageing indicators of 2-FAL and methanol in an alternative oil, which is manufactured from natural gas (methane) through gas-to-liquid (GTL) technology.
II. DESCRIPTIONS OF AGEING EXPERIMENT
The ageing experiment was conducted with kraft paper (thermally non-upgraded) and an inhibited GTL oil (Diala S4 ZX-I). In addition a conventional inhibited mineral oil (Gemini X) was used for the purpose of comparison.
In the manufacturing process of the GTL oil, methane is first reacted with oxygen (O 2 ) generating a mixture of carbon monoxide (CO) and hydrogen (H 2 ). Then the mixture is converted into liquid hydrocarbons in a Fischer-Tropsch process. Finally these long chain hydrocarbons are contacted with hydrogen in order to break them (hydrocrack) into smaller branched chain hydrocarbons [5] . Antioxidants are added to these predominantly iso-paraffinic oils before using them in the transformers. These predominantly iso-paraffinic transformer oils are purer and chemically consistent, which could provide better performance over the conventional mineral oils.
Both oil and paper samples were first preprocessed to remove the contaminations. Oil samples were first filtered through a nylon membrane of 0.2 µm. Then the filtered oil samples were dried inside a vacuum oven (<500 Pa) at 85 °C for 48 hours. In parallel paper samples were dried at 105 °C inside an air circulation oven for 24 hours. Next the samples prepared by mixing 200 g of oil with 10 g of paper inside 250 ml glass bottles were left inside the vacuum oven at 85 °C for another 24 hours to allow the impregnation of the paper. Finally the samples were sealed with thermoplastic polyester caps with PTFE sealing gaskets (withstand temperatures up to 180 °C) and left at 100 °C inside an air circulation oven (BINDER FD 115) for up to 126 days. Two samples, one from each oil type were taken out from the oven during each sampling period and left at room temperature for 72 hours before separating oil and paper for various measurements including DP of paper, 2-FAL and methanol in oil.
III. RESULTS AND DISCUSSIONS
A. DP of paper DP indicates the average number of monomer units in cellulose polymer. It was obtained by measuring the intrinsic viscosity of paper dissolved in cupriethylenediamine solution according to the ASTM D4243 standard. DP measurement requires much less amount of paper samples compared to tensile strength (TS) measurement. Furthermore there is a well-established relationship between DP and TS of paper [6] . Fig. 1 shows the variation of the DP of paper aged in both the GTL oil and the mineral oil. DP of paper aged in both oil types reduces from 1126 to about 500 in a similar manner during the ageing period. This suggests that under the investigated conditions paper ageing in the GTL oil is similar to that of the mineral oil.
B. 2-FAL in oil
2-FAL in oil is commonly measured through high performance liquid chromatography (HPLC) technique. Two different injection techniques namely indirect injection, in which the 2-FAL is first extracted to a solvent before injection and direct injection, in which oil is directly injected into the system can be used to inject samples into the HPLC system. 2-FAL measurement in this work was conducted according to the direct injection technique described in ASTM D5837 standard. Fig. 2 shows the variation of 2-FAL in both the GTL oil and the mineral oil. During the early ageing period the concentration of 2-FAL in both oil types is less than the detection limit of 0.01 ppm. However, after about 20 days of ageing 2-FAL in both oil types shows an exponential increase with ageing. At the end of the ageing period 2-FAL in both oil types are around 0.2 ppm. This exponential increase of 2-FAL has been observed in previous ageing experiments [3, 7] , which could be due to the generation of 2-FAL from cyclic by-products of paper ageing [4] . 
C. Methanol in oil
An international standard for measuring methanol in oil has not been developed yet. Therefore, methanol measurements in this experiment were conducted through an in-house developed method using a headspace gas chromatography mass spectrometry (HS-GC-MS) system [8] based on [9] . Fig. 3 shows the variation of methanol with ageing in both the GTL oil and the mineral oil. Methanol in both oil types increases rapidly up to 1.2 ppm with ageing. Fig. 4 shows the variations of 2-FAL in the GTL oil and the mineral oil against paper ageing measured through DP of paper obtained from the present ageing experiment conducted at 100 °C and a previous ageing experiment conducted at 120 °C [7] . Variations of 2-FAL against DP in the GTL oil and the mineral oil at both 100 °C and 120 °C are similar in nature. 2-FAL plotted in logarithm scale increases linearly up to about 1 ppm till DP reaches 400. However, at the latter stage of ageing and when DP is less than 400, the concentration of 2-FAL in both oil types increases linearly with a higher rate of change than the early ageing stage. Similar observations in the 2-FAL have been reported by other researchers [3] . Furthermore, the relationship between 2-FAL and DP of paper obtained from the present experiments were compared with several commonly used relationships [10] . All these relationships were derived based on laboratory ageing experiments. A commonly used formula is given in (1), in which logarithmic value of 2-FAL is linearly related with the DP of paper.
D. Relationship between 2-FAL and DP of paper

Log [2FAL] = A − B × [DP]
(1)
Where, [2FAL] is the concentration of 2-FAL in oil in ppm, [DP] is the DP of paper and the constants A and B are the correlation constants.
The concentrations of 2-FAL measured in the present ageing experiments are in a similar range to those in the published equations. Furthermore the relationship suggested by Chendong seems to agree with most of the present experimental results better than the other equations. However, a clear deviation from the Chendong equation can be seen in the experimental results for DP values less than 400. Results obtained from the present laboratory ageing experiments suggest that a single linear relationship may not be the best option to relate 2-FAL and DP of paper. Therefore, two different linear relationships for an early stage of ageing (DP>400) and a later stage of ageing (DP<400), respectively, would result in a better fitting.
In addition to the uncertainties in the correlation between 2-FAL and paper ageing, some of the in-service transformers could have abnormally high concentrations of 2-FAL due to the oil contamination. New transformer oils could be contaminated with 2-FAL due to the incomplete removal of 2-FAL, which is used as a solvent during the refining process through solvent extraction method [11] . Furthermore, some recycled insulating oils used in transformers could contain residual 2-FAL [11] . In addition, the concentration of 2-FAL in the transformers with thermally upgraded paper are found to be considerably low compared to those with ordinary kraft paper [3] . All these reasons have resulted in more research on paper ageing indicators that could provide further information for transformer condition assessment.
E. Relationship between methanol and DP of paper
Methanol in oil is a new ageing indicator that has shown some promising results in both laboratory experiments and in-service oil measurements [3, 12] . Laboratory ageing experiments have shown a higher yield of methanol than 2-FAL and a linear increase during the early ageing period. In addition, a significant amount of methanol has been observed in oil during the ageing experiments conducted with thermally upgraded paper [3] . Furthermore, in-service measurements have shown that more transformers have measurable amounts of methanol than of 2-FAL [3, 12] . 5 shows the variations of methanol in both the GTL oil and the mineral oil against the DP of paper at both 100 °C and 120 °C [7] . Relationship between methanol and DP of paper aged in both oil types were similar till the DP reaches nearly 200. Furthermore, the relationship between methanol and paper ageing is independent from the investigated temperatures. This suggests that similar criteria would be applicable to assess paper ageing in both the GTL oil and the mineral oil through methanol measurement. Similar to those reported in the literature [3] , the concentration of methanol in both oil types increased linearly with paper ageing up to about 1.5 ppm till the DP reaches about 400 (2).
[MeOH] = 2.31 − 0.0023 × DP
Where, [MeOH] is concentration of methanol in oil in ppm and [DP] is the DP of paper.
However, a reduction in methanol was observed at the latter stage of paper ageing, i.e. when DP reaches around 250 during the ageing experiment conducted at 120 °C. The exact reason for the reduction is yet to be understood. An instability of methanol is suspected to be the reason for the reduction. In acidic mediums, methanol can react with carboxylic acids producing esters, which is called the esterification process. Acidity in both oil and paper increases at the latter stage of ageing, which could react with methanol. Nevertheless, experiments are currently being conducted on this issue. Fig. 5 . Relationship between methanol and DP for the ageing experiments conducted with Gemini X and Diala S4 ZX-I at 100 °C and 120 °C Furthermore, Fig. 6 shows the variation of methanol and 2-FAL in both the GTL oil and the mineral oil against the DP of paper till the DP reaches 300. From the results it can be seen that the concentration of methanol in both oil types are higher than the concentration of 2-FAL till the DP reaches about 400. These results confirm that methanol is suitable in indicating early paper ageing in both the GTL and the mineral oil. Fig. 6 . Variation methanol and 2-FAL against the DP of paper for the experiments conducted with Gemini X and Diala S4 ZX-I at 100 °C and 120 °C IV. CONCLUSIONS A laboratory ageing experiment was conducted at 100 °C to investigate the suitability of methanol and 2-FAL as paper ageing indicators in a new alternative transformer oil manufactured from natural gas through gas-to-liquid (GTL) technology.
The rates of both paper ageing and production of ageing indicators in the GTL oil were similar to those in the conventional mineral oil under the investigated conditions. Furthermore, the relationships obtained between the paper ageing and the ageing indicators of methanol and 2-FAL in the GTL oil were similar to those of the mineral oil, which confirms that the same criteria used in conventional mineral oils to assess paper ageing through both methanol and 2-FAL can be applied to the GTL oil.
